The spontaneous imbibition of water and other liquids into gas-filled 
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12
While a large body of literature exists documenting water entry into gas- (granodiorite and sandstone).
20
The rapid penetration of water into individual air-filled fractures in steel-
21
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12
Integrating Eq.
[1] from L = 0 at t = 0 to L at time t yields: (Philip, 1957; Hall, 1989; Reda Taha et al., 2001 ).
26
The brittle failure of a loaded porous material can be expected to result in 27 an increase in the effective diameter, , of the fracture zone as compared Prior to analysis the fractured cores were oven dried at 105˚C for 24 hr.
5
After cooling down they were suspended above a free water to the open beam and despeckled to visualize the rock core and fracture 4 damage zone (Fig. 2) . The width of the fracture damage zone was measured 5 at 15 equally-spaced locations along the entire length of the core, and mean 6 values and standard errors were calculated from these measurements.
7
Additionally, images of the top and bottom faces of the fractured cores were 8 acquired with a digital camera, and these images were analyzed in ImageJ.
9
The width of the fracture aperture on each core face was measured at 10 10 equally-spaced locations. The measurements from both fracture faces were 11 then averaged to provide estimates of the mean fracture aperture width and 12 its standard error.
13
The wetting images were normalized with respect to the initial image of 14 the time sequence (when the core was completely dry) so that only the 15 imbibing water was resolved (Fig. 3) . The resulting normalized images were 16 despeckled and thresholded so that the vertical distance between the water 17 table and the tips of the wetting fronts in the matrix and fracture zone could 18 be quantified over time (Fig. 3) .
19
Matrix and fracture zone sorptivities, and , were estimated from core from the 500 mD permeability class to assess between core variability) 24 and 2 unfractured cores (from the 200 and 500 mD permeability classes).
25
Estimates of (matrix sorptivity)for the 50 mD and second 500 mD 
RESULTS AND DISCUSSION

6
The matrix porosity and fracture characteristics of the Berea sandstone 7 cores are given in Table 1 . The matrix porosity of the 50 mD permeability 8 core was substantially lower than the matrix porosities of the cores in the 9 other permeability classes (Table 1) .
10
The Brazilian method created fractures with aperture widths (measured 11 on the top and bottom of the cores) ranging from 120 m to 780 m ( of damage zone and the matrix porosity, or the core permeability class.
27
Water uptake into all of the fractures was extremely rapid. 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 15 pressure was never positive as evidenced by the menisci visible where the 1 sides of the core contact the water table (Fig. 3) . At the end of this 2 sequence of images the wetting front in the fracture zone had travelled 3 approximately an order of magnitude further than the wetting front in the 4 matrix (i.e., the dark gray zone at the base of the core).
5
The Bond number ( ) is a dimensionless quantity that can be used to 6 demonstrate that gravity was negligible under the conditions of our between 6.6 x 10 -9 and 6.6 x 10 -8 which is much less than unity; so we can 19 safely assume the effect of gravity was negligible under the conditions of 20 our experiments.
21
Quantitative results from the image analyses of the neutron radiographs 22 are summarized in Figure 4 and fitted to the experimental observations regardless of the location of the 27 uptake (Fig. 4) . It can be seen that the first point of some of the data sets
28
(e.g., the fracture zone in Fig. 4a and the matrix in Fig. 4c ) tends to fall relative to the rate of wetting at very early times.
6
Between core variability of the matrix and fracture zone water uptake 7 measurements can be assessed by comparing the results for the two 500 were 6% and 12% for the matrix and fracture zone data, respectively. In 12 some respects, one might have expected greater variability between the 13 fracture imbibition measurements for these two cores due to the different 14 aperture and damage zone widths (Table 1) .
15
The replicate measurements of spontaneous imbibition of water into core it was not possible to assess within-core variability for this parameter.
22
The matrix sorptivities ranged from 2.90 to 4.55 mm s -0.5 (Table 1) , 23 and increased linearly as the permeability class increased (Fig. 5a ). The 24 matrix sorptivity coefficient changed by a factor of 2 as the permeability 25 changed by a factor of 4 which is consistent with the traditional assumed 26 square dependence of the permeability on the mean pore size (Table 1) .
27
The average value for the 50 mD permeability class core was 2.5 times 28 higher than the average matrix sorptivity for Berea sandstone determined Kang et al. (2013) , as compared to those in Table 1   9 can be attributed to a combination of lower core permeability and the 10 increased effect of gravity at later times as described by Eq.
[2].
11
The fracture damage zone sorptivities were between 4 and 7 times 12 greater than the corresponding matrix sorptivities (Table 1 ). The sorptivities 13 of the fracture damage zones ranged from 17.87 to 27.12 mm s -0.5 (Table   14 1), and increased linearly with increasing fracture aperture width (Fig. 5b) .
15
The fracture sorptivity coefficients for the 50 md and 500 md (replicate #2)
16
permeability cores samples were similar, which is consistent with the similar 17 fracture aperture widths in these two samples (Table 1) .
18
The sorptivity results indicate that fractures can significantly increase rates of water uptake observed in the present study were surprisingly rapid.
24
The fracture sorptivities in Table 1 water so that water uptake could be monitored simultaneously on the 5 interior (fracture face) and exterior surfaces of the core.
6 Figure 6 shows the results of spontaneous imbibition of water into the 
22
The dispersion coefficients, calculated from the matrix and fracture 23 sorptivities, ranged from 23.7 to 66.7 mm 2 s -1 (Table 1) parameter, the greater the spreading of the wetting front within the core. 4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 with increasing fracture aperture width.
14
The current theoretical framework represents only a 1-dimensional 15 approximation of spontaneous imbibition within a fractured porous medium.
16
To fully describe this phenomenon the derivation of a 2-dimensional model,
17
that permits interaction between the fracture and matrix, will be needed.
18
The development of such a model represents an exciting opportunity for 19 future research.
20
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